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a b s t r a c t

The novel rare earth organic/inorganic/polymeric hybrids Eu/Tb–(PHA-Si)–PMMA have been fabricated
through chemically bonding assembly technology. The photoactive ligand PHA (O-phthalic anhydride)
modified by silane coupling agent APES ((3-aminopropyl) triethoxysilane) is used as a double-functional
bridge molecule to link the lanthanide ions and the silica with covalent bonds to form the inorganic Si–O
networks. The polymer ligand PMMA (poly methyl methacrylate) is used as the co-ligand coordinating
to Eu3+ or Tb3+ to form the organic polymeric C–C chains, which is prepared through the direct addition
eywords:
rganic/inorganic/polymeric hybrid
aterial

hotophysical property
are earth ion
uminescence

polymerization of MMA monomer in the presence of the initiator BPO (benzoyl peroxide). These hybrids
are examined by FTIR, TG and luminescence spectra to investigate their composition and photophysical
properties. And the luminescence quantum efficiency of the europium hybrids is calculated. Compared to
the binary hybrid materials Eu/Tb–(PHA-Si) without organic polymer PMMA, the ternary hybrid materials
Eu/Tb–(PHA-Si)–PMMA exhibit stronger luminescence intensities, longer lifetimes and higher quantum
efficiency, which indicates the introduction of the organic polymer PMMA bring the improvement on the

f the h
luminescence property o

. Introduction

In recent years, luminescent lanthanide-containing (especially
u, Tb) materials have gained more and more attention for ideal
andidates as emitting centers due to their intrinsic properties
f lanthanide ions such as narrow emission lines, large Stokes
hifts and high quantum efficiency. Since their peculiar 4fn open-
hell electronic configuration and the f orbitals are shielded from
heir environment by outer 5s and 5p electrons, the transition
etween the states of 4fn configuration is strictly parity for-
idden [1]. Thus, the absorption coefficient and the emission

ntensity are largely restricted. Designing luminescent lanthanide
omplexes with organic ligands is an interesting area nowa-
ays for that the organic ligand can absorb abundant energy in
ear-UV region and transfer the excitation energy to lanthanide

ons through “antenna effect” [2]. The lanthanide complexes with
rganic ligands hold large potential applications in many aspects
uch as fluorescent probes [3], light-emitting diodes [4], bio-

ogical sensors [5], acidic catalysts [6], and medical magnetic
esonance imaging [7]. However, lanthanide complexes have been
xcluded from practical applications mainly due to their poor ther-
al stability and low mechanical resistance [8,9]. Many research

∗ Corresponding author. Tel.: +86 21 65984663; fax: +86 21 65982287.
E-mail address: byan@tongji.edu.cn (B. Yan).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ybrid system.
© 2009 Elsevier B.V. All rights reserved.

groups incorporate lanthanide complexes into inert host matrices
such as sol–gel glasses [10–14], polymers [15–26], liquid crystals
[27,28], or organic–inorganic hybrid materials [29] to overcome
these shortcomings. Among these matrices, organic–inorganic
hybrid materials with or without polymers have great advantages
[30–36].

Organic–inorganic hybrid materials have attracted consider-
able attention owing to their excellent properties as they combine
remarkable mutual features of both organic and inorganic compo-
nents at molecular level. Immobilization of lanthanide complexes
into matrices to obtain organic–inorganic hybrid materials can
not only improve the mechanical and thermal stabilities but also
avoid self-quenching of the lanthanide ions [37,38]. The critical step
to obtain the sol–gel derived molecular based organic–inorganic
hybrid materials is how to construct dual-functional molecular
bridge which can coordinate to lanthanide ions and covalently
bond to silane coupling reagents simultaneously [39,40]. The silane
coupling reagent is used to form inorganic Si–O networks via the
so-called inorganic polymerization.

Polymers have attractive significance such as low cost,
lightweight, tough, easy to fabricate and convenient to control

various optical parameters [41,42]. Up to now, there are two meth-
ods to incorporate lanthanide complexes into polymers. One is
called conventional method or doping method, that is, direct dis-
solution or dispersion of lanthanide complexes in polymer matrix.
Using this method, phase separation and leaching or clustering of

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:byan@tongji.edu.cn
dx.doi.org/10.1016/j.jphotochem.2009.12.008
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he photoactive center resulting from the high vibration energy
f the surrounding hydroxyl groups often occurred because of
he weak physical interaction (such as hydrogen bonding, van
er Waals force or electrostatic forces) between lanthanide com-
lex and the polymer. While these problems can be well solved
sing another method, that is, attach the lanthanide ions to the
olymer backbone with covalent bond. That requires the poly-
er must possess coordinatable groups such as carbonyl, amino

nd sulfo groups. On the one hand, the polymer coordinates
ith lanthanide ions which can change the microenvironment

f the coordination sphere for example replacement of coordi-
ated water molecule. On another hand, the coordinated polymer
an increase the absorption cross-section which is favorable to
he ligand–metal energy transfer (LMET). Thus, the high lumi-
escence intensity and long lifetime of the material can be
chieved.

In this paper, PHA was used as functionalized ligand for synthe-
izing the ternary lanthanide (Eu, Tb) organic/inorganic/polymeric
ybrid materials Eu/Tb–PHA-Si–PMMA with sol–gel method, since
n the one hand it was very active and can be easily modified
nd on the other hand it is important chemical material which
s used mainly in the form of the anhydride to produce other
hemicals such as dyes, perfumes, saccharin, phthalates and many
thers. The binary hybrid materials Eu/Tb–PHA-Si without poly-
er were prepared as well for comparison. The results show that

he ternary polymer-containing hybrid materials exhibit stronger
mission intensity, longer lifetime and higher luminescent quan-
um yield.

. Experimental

.1. Starting materials

(3-Aminopropyl) triethoxysilane was provided by Lancaster
ynthesis Ltd., and the tetraethoxysilane (TEOS) by Aldrich. The
olvents used were purified by common methods. Other starting
eagents were used as received.

.2. The synthesis of the precursor PHASi

O-phthalic anhydride (PHA, 1 mmol) was first dissolved in 15 mL
efluxing anhydrous ethanol (EtOH) by stirring, and then 1 mmol
0.018 g) deionized water and 1 mmol NaOH (0.04 g) were added to
he solution. Two hours later, 1 mmol (3-aminopropyl) triethoxysi-
ane was put into the solution by drops. The whole mixture was
efluxed at 75 ◦C under argon for 8 h. After isolation of the sample
sing a rotary vacuum evaporator, a yellow oil PHASi was obtained.

t was washed with 20 mL hexane for 3 times and dried in vacuum.
nal. Calcd. for C17H27O6NSi (369.48): C 55.3, H 7.37, N 3.79; Found:
55.7, H 7.25, N 3.83. 1H NMR (CDCl3, 400 MHz): ı 0.53(t, 2H, CH2Si,

J = 9.8 Hz), 1.47 (t, 9H, CH3, 3J = 4 Hz), 1.77 (m, 2H, CH2CH2CH2),
.41 (m, 2H, NHCH2), 3.73 (q, 6H, SiOCH2, 3J = 19.2 Hz), 7.48 (t, 2H,
C6H4, 3J = 5.6 Hz), 7.76 (m, 2H, –C6H4), 8.53 (t, 1H, NH, 3J = 5.6 Hz).
see Scheme 1).

.3. The synthesis of the binary hybrid material Eu–PHA-Si

PHA-Si was dissolved in dry ethanol (15 mL). Then a certain
mount of Eu(NO3)3·6H2O (0.3 mmol) was added to the solu-
ion with stirring drop by drop. After 2 h, a certain amount of

etraethoxysilane (TEOS) and one drop of diluted hydrochloric acid
ere put into the solution to promote hydrolysis. The molar ratio

f Eu(NO3)3·6H2O/PHASi/TEOS/H2O was 1:3:6:24. Then the hybrid
aterial Eu–PHA-Si was obtained after removing the solvent at

0 ◦C in a few days (see Schemes 1 and 2).
otobiology A: Chemistry 210 (2010) 36–43 37

2.4. The synthesis of the ternary hybrid material
Eu–PHA-Si–PMMA

The similar method was used in this process. When we get
the solution of binary coordination complex which was dissolved
in the blend-solvents of DMF and EtOH, 0.01 g (0.1 mmol) methyl
methacrylate (MMA) was added in with stirring. The volume ratio
of the solvents is 1:1 (15 mL for either). Then 5 × 10−4 g ben-
zoyl peroxide (BPO) was put into the refluxing mixture at 80 ◦C.
Twelve hours later, a certain amount of tetraethoxysilane (TEOS)
and one drop of diluted hydrochloric acid were put into the solu-
tion at room temperature to promote hydrolysis. The molar ratio of
Eu(NO3)3·6H2O/PHA-Si/MMA/TEOS/H2O was 1:3:1:6:24. Then the
hybrid material Eu–PHA-Si–PMMA was obtained after removing
the solvent at 80 ◦C in a few days (see Schemes 1 and 2).

2.5. Physical measurements

All measurements were performed at room temperature.
Infrared spectra were recorded on a Nexus 912 AO439 FT-IR spec-
trophotometer. We mixed the compound with the dried potassium
bromide (KBr) and then pressed into pellets, which were collected
over the range 4000–400 cm−1 by averaging 32 scans at a maximum
resolution of 8 cm−1. 1H NMR spectra were recorded in CDCl3 on a
Bruker AVANCE-500 spectrometer with tetramethylsilane (TMS)
as an internal reference. Ultraviolet absorption spectra of these
samples (5 × 10−4 mol L−1 ethanol solution) were recorded with
an Agilent 8453 spectrophotometer. Thermogravimetric trace (TG)
was performed on a Netzsch STA 409 at a heating rate of 15 ◦C/min
under nitrogen atmosphere. The ultraviolet–visible diffuse reflec-
tion spectra of the powder samples were recorded by a BWS003
spectrophotometer. The fluorescence spectra were obtained on a
RF-5301 spectrophotometer equipped with a stable spec-xenon
lamp (450 W) as the light source. Luminescent lifetimes were
recorded on an Edinburgh FLS 920 phosphorimeter, using a 450 W
xenon lamp as the excitation source (pulse width, 3 �s).

3. Results and discussion

3.1. The characterization for precursor PHA-Si (1H NMR, FT-IR,
and UV–vis) and FT-IR for selected terbium hybrids

The presence of the free organic ligand PHA and the precursor
PHASi were characterized by 1H NMR, IR and UV absorption spectra.
As detailed in the synthesis section, 1H NMR relative to precursor
PHASi is in agreement with the structure. The chemical shifts rel-
ative to –OH has not been observed, which indicates the precursor
exist in terms of carboxylate not carboxylic acid. The shifts value
located at 8.53 ppm is assigned to the –NH– group and the integra-
tion of this signal demonstrates the –NH– group not –NH2– group,
which indicates the hydrogen transfer reaction has taken place.

Infrared spectra were shown in Fig. 1I (A for PHA, B for PHASi)
examined at room temperature using the dried potassium bromide
(KBr) pellets. From the picture, we can see the three peaks located at
1847, 1766 and 1261 cm−1 for PHA which is ascribed to the charac-
teristic peaks of phthalic anhydride originated from the stretching
vibration � (C O, as), � (C O, s) and � (C–O, as) respectively. These
peaks disappeared and were replaced by the absorption of car-
bonyl group (C O) in carboxylate moiety at 1573 cm−1 for PHASi.
The peaks at 905 and 712 cm−1 correspond to ı (Ar–H) of PHA.

Furthermore, it can be observed that the obvious new broad band
centered at 2966, 2923 and 2885 cm−1 corresponding to the vibra-
tion of methylene groups of APES. In addition, the vibration (�C O,
1716 cm−1) of carbonyl group in amide group and the stretching
vibration (�C–N, 1291 cm−1) prove the formation of amide groups
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Scheme 1. The synthesis route of the binary and the ternary hybrids.

Scheme 2. The predicted structure of the binary hybrids (A) and the ternary hybrids (B).
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O C–NH–), while the strong broad band centered at 3291 cm−1

ue to the stretching vibration of grafted –NH– groups. The charac-
eristic of trialkoxylsilyl function is evidenced by the broad bands
ocated at 1076 cm−1 (�as, Si–O), 802 cm−1 (�s, Si–O).

Fig. 1II shows the selected FTIR spectra of the terbium hybrid
aterials. As can be seen in the picture, the two hybrids exhibit

imilar plots. The broad band at about 1702 cm−1 is ascribed to
he low-strength vibration of C O in amide group and the new
eak located at 1645 cm−1 is due to the high-strength vibration of

O in amide group. Further, the strong absorption at 1517 cm−1

s assigned to the high-strength bonded carboxylate groups. The
harp peak at 1383 cm−1 is the characteristic absorption of free
itrate which show that the nitrate did not coordinate to lanthanide

ons. Moreover, the evident peak appearing at 1086 cm−1 is due to
symmetric Si–O stretching vibration modes (�as, Si–O) and the
eak at 804 cm−1 can be attributed to the symmetric Si–O stretch-

ng vibration (�s, Si–O). Additionally, there exists a new peak at
29 cm−1 which is corresponding to Tb–O vibration.

Fig. 2 shows the UV absorption spectra of (A) PHA, (B) PHASi.

omparing the two spectra, a blue shift from 210 to 203 nm is
scribed to the major �–�* electronic transitions. This indicates
hat the electronic conjugating system of the ligand PHA was
hanged by the introduction of the APES, which can sustain the fact

ig. 1. The Fourier transform infrared spectra of the free ligand PHA (I A), the pre-
ursor PHASi (IB) and the terbium hybrid materials (II).
Fig. 2. The ultraviolet absorption spectra of PHA (A) and PHASi (B).

that the coupling reagent was covalently grafted onto the ligand
and the precursor was successfully obtained in situ. Additionally,
it is observed that the intensity of the absorbency has decreased
which may influence the luminescent intensity of the ultimate
hybrid material.

3.2. Thermal and structural properties of the hybrid materials

The thermogravimetry (TG) trace and differential thermo-
gravimetry (DTG) trace of the hybrid Eu–PHA-Si–PMMA are shown
in Fig. 3. Seen from the figure, there are a 5.87% weight loss from
185 ◦C to 242 ◦C with the speed 2.88% min−1 at 189 ◦C observed
from the DTG curve which is attributed to the loss of the adsorbed
and coordinated water molecule and the residual solvent DMF.
From 242 ◦C to 600 ◦C, a weight loss of totally 34.18% is observed
which is ascribed to the decomposition of the organic component
of the complicated hybrid. Concomitant with this weight loss, there
exhibit two obvious peaks in DTG curve at 311 ◦C and 402 ◦C respec-
tively. According to the molecule formula of the hybrid material
Eu–PHA-Si–PMMA, the ligand PHASi and the polymer PMMA occu-
pied 33.9% (26.3% and 7.6% respectively) of the whole molecule

weight which is close to the overall mass loss value 34.18%. More-
over, this weight loss of the hybrid exhibits three stages as can
be observed in the TG curve. It is deduced that the first mass loss
8.60% and the second mass loss 7.83% which show consistent with
the two exothermic peaks we discussed above correspond to the

Fig. 3. The TG and DTG traces of the hybrid material Eu–PHA-Si–PMMA.
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ecomposition of organic ligand PHASi and the polymer PMMA,
hus the polymer begin to decompose at 326 ◦C. The third mass
oss 17.75% is corresponding to the residual organic ligands. From
he view point above, we have calculated the mass loss and the

olecular weight to conclude that the molar ration of the PHASi
nd PMAA is 3:1. Additionally, the hybrids maintain 59.95% mass
p to 1000 ◦C.

.3. The photoluminescence properties of the hybrid materials

The ultraviolet–visible diffuse reflection absorption spec-
roscopy (UV–vis DRS) of the powdered hybrid materials were

easured and displayed in Fig. 4 (A for the europium hybrids and B
or the terbium hybrids). It was found that all the hybrid mate-
ials exhibit a large broad absorption band from 200 to 550 nm
hich should be mainly impute to the �–�* electronic transition of

onjugated � bond in hybrid system. Besides, the organically mod-
fied Si–O network also behaves as host which can produce broad
ost absorption. For comparison, we measured (UV–vis DRS) the
u/Tb(NO3)3. Comparing to the absorption spectra of Eu/Tb(NO3)3,

he absorption bands of the hybrids become stronger and more
board which reveal that the absorption ability for UV–vis light of
he hybrids are better. It is worth noting that there exist some evi-
ent inverse peaks (especially for ternary hybrids) centered at 591,
16, 696 nm for Fig. 4A and 545, 583, 620 nm for Fig. 4B which is

ig. 4. The ultraviolet–vis diffuse reflection absorption spectra of the hybrid mate-
ials (A for europium hybrids, B for terbium hybrids).
Fig. 5. The excitation (A) and emission (B) spectra of the europium hybrid materials.

same position as the characteristic emission lines of europium and
terbium ions respectively (as shown in Fig. 5). These inverse peaks
are due to the self-absorption of the materials.

The excitation and emission spectra presented in Figs. 5 and 6
are obtained for further investigating the photoluminescence prop-
erties of the hybrid materials. The excitation spectra (Figs. 5 and 6A)
were obtained by monitoring the maximum emission lines
(5D0–7F2 for europium hybrids 613 nm, 5D4–7F5 for terbium
hybrids 545 nm). From the excitation spectra, there exists a large
broad band in the range of 200–400 nm for each hybrid, which is
assigned to the transition of the organic ligands from the ground
state S0 to the excited state S1. Moreover, the sharp peak at 393 nm
in the excitation spectrum (Fig. 5A) is attributed to the 7F0–5L6
transition absorbance of Eu3+. And there is an obvious blue-shift in
Fig. 6A, which indicates that the coordination sphere of the lan-
thanide ions was changed with the introduction of the organic
polymer. Furthermore, all the broad excitation bands overlapped
with the absorption bands (Fig. 4) largely, which is sustained the
fact that the central lanthanide ions can be well sensitized by
the ligands. Figs. 5 and 6B show the room temperature emission
spectra of the europium and terbium hybrid materials obtained
at the maximum excitation wavelength. For all hybrids, the char-

acteristic Eu3+ and Tb3+ emissions are observed. As is shown in
Fig. 5B, the emission lines for europium hybrid materials obtained
from 5D0 → 7FJ (J = 0–4) transitions at 577, 589, 614, 648 and
693 nm, respectively under the excitation wavelength at 330 nm.
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Table 1
The luminescence efficiencies and lifetime data for the hybrid materials.
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Hybrid materials �01/cm−1 �02/cm−1 I02

Eu–PHA-Si 16,978 16,287 513
Eu–PHA-Si–PMMA 16,978 16,287 847

omparing with the binary organic/inorganic hybrid, the ternary
rganic/inorganic/polymeric hybrid exhibit stronger luminescence
ntensity which suggests that the more efficient energy transfer
ook place between the ligands and the europium ions (antenna
ffect) and the introduction of the polymer as the co-ligand
ncreased the light absorption cross section. Thus, the presence of
he PMMA and the ligands PHA may synergistically sensitize the
uropium ions. The relative emission intensity of 5D0 → 7F1 tran-
ition (I01) and 5D0 → 7F2 transition (I02) (red/orange ratio R) are
isted in Table 1. As is well known, the 5D0 → 7F1 transition belongs
o the typical electric dipole transition which is hypersensitive to
he symmetry of coordination sphere around Eu3+ ions. While the
D0 → 7F2 transition is the magnetic dipole transition which is inde-
endent of the host materials. Thus, the R value shows importance
n judging the symmetry of the microenvironment coordinating

3+
he Eu as internal standard. From the table, we can see the R
alue of the hybrids with polymer is higher than the hybrid with-
ut organic polymer PMMA, which indicate that the Eu3+ occupies a
ower symmetry sphere with an inversion center in the presence of
MMA. For terbium hybrid materials (Fig. 6B) the emission lines at

ig. 6. The excitation (A) and emission (B) spectra of the terbium hybrid materials.
R(I02/I01) �/ms Ar/s−1 Anr/s−1 �/%

3.07 0.45) 235 1987 11
3.16 0.87 236 913 21

488, 543, 581, 619 nm are assigned to the 5D4 → 7FJ (J = 6–3) tran-
sitions respectively under their maximum excitation wavelength
(330 nm for Tb–(PHA-Si), 313 nm for Tb–(PHA-Si)–PMMA). Among
these peaks, the green emission is prominent which indicate the
effective energy transfer occurred and the triplet energy level of the
ligand PHA-Si can match well with the resonance energy level of the
Tb3+ ion. While the introduction of the polymer can also increase
the luminescence intensity which is consistent with the results
of europium hybrids. In the ternary hybrid system, the organic
polymer PMMA can coordinate to the lanthanide ions with oxy-
gen atom which can not only increase the coordination number
in terms to replacement of water molecule to reduce the non-
radiation deactivation resulting from hydroxyl stretching but also
increase the absorption cross-section to increase the luminescence
intensity. Therefore, the covalent bond of organic polymer PMMA
can remarkably increase the luminescence intensity of the hybrids.

3.4. Luminescence lifetimes (�) and emission quantum efficiency
(�)

The decay curves of the hybrid materials obtained by monitor-
ing at the maximum luminescence wavelength fit with a single
exponential.

In order to further investigate the photophysical properties of
the europium hybrids, the luminescence quantum yield of the
Eu3+ was calculated based on the emission spectra and the life-
times of the hybrids and the data obtained by monitoring the main
5D0 → 7F2 line were listed in Table 1. The lifetimes of the hybrids
can be influenced by Eq. (1) and the quantum yield can be defined
as Eq. (2) assuming that only the radiative and nonradiative process
occurred during the depopulation of the 5D0 state [43–46]:

�exp = (Ar + Anr)
−1 (1)

� = Ar

Ar + Anr
(2)

Here, Ar and Anr denote the radiative and nonradiative transition
rates respectively. While Ar can be obtained by summing of each
Eu3+ 5D0 → 7FJ (J = 0–4) transition rates A0J:

Ar =
∑

A0J = A01 + A02 + A03 + A04 (3)

Since the 5D0 → 7F5,6 transitions are too weak to be detected by
the instrument in the emission spectra, they can be neglected for
contribution to Ar. Each transition ratio can be defined as follows
[47–50]:

A0J = A01

(
I0J

I01

)(
�01

�0J

)
(4)

Here, A0J is the experimental coefficient of spontaneous emis-
sion. A01 is Einstein’s coefficient of spontaneous emission between
5D0 and 7F1 energy levels. Since 5D0 → 7F1 belongs to the iso-
lated magnetic dipole transition, it is practically independent of

the chemical environments around the Eu3+ ion, and thus can be
considered as an internal reference for the whole spectrum. A01 can
be determined approximately to be 50 s−1 according to Ref. [51]. I0J
denotes the emission intensities of 5D0 → 7FJ transitions while the
�0J refers to the wave-number of the emission lines. Additionally,
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he emission intensity I can be taken as the integrated intensity S
f the 5D0 → 7Fj emission bands:

i−j = h̄ωi−jAi−jNi ≈ S (5)

here i and j are the initial (5D0) and final levels (7F0–4), respec-
ively, ωi–j is the transition energy, Ai–j is the Einstein’s coefficient of
pontaneous emission, and Ni is the population of the 5D0 emitting
evel.

From the view point of the discussion above, the quantum
ield � of the hybrid is obtained. As can be seen from the table,
he lifetimes of the hybrids are 0.45 ms for Eu–PHA-Si, 0.87 ms
or Eu–PHA-Si–PMMA, 0.72 ms for Tb–PHA-Si) and 1.04 ms for
b–PHA-Si–PMMA respectively and the quantum efficiency of the
uropium hybrids are 11% for Eu–PHA-Si and 21% for Eu–PHA-
i–PMMA respectively. These results confirm that effective energy
ransfer took place between the polymer PMMA and the lanthanide
ons. Besides, it can be seen from the table that the nonradia-
ive deactivation caused by –OH vibration around lanthanide ions
ecreased apparently comparing the hybrid Eu–PHA-Si–PMMA
ith Eu–PHA-Si, which revealed the organic polymer PMMA

ovalently bonded to the lanthanide ions and substituted the coor-
inated water molecule successfully.

. Conclusions

In summary, we have prepared molecular based
rganic/inorganic/polymeric hybrid materials Eu/Tb–PHA-
i–PMMA with covalent bonds. Firstly, the precursor PHASi
as obtained by modifying the bridge molecule PHA with APES

NH2(CH2)3Si(OCH2CH3)3] to form inorganic Si–O networks. The
recursor 2 PMMA was obtained through addition polymeriza-
ion reaction using the monomer MMA to form polymeric C–C
hains. Then the two precursors coordinate to lanthanide ions
imultaneously. Subsequently, these hybrids containing not only
norganic Si–O network through hydrolysis and condensation
rocess but also organic polymeric C–C chains via polymerization
eaction exhibit more excellent properties (especially lumines-
ence properties) than the binary hybrid materials Eu/Tb–PHA-Si
ith inorganic Si–O network only. The stronger emission inten-

ities and the longer lifetime show that the effective energy
ransfer took place between the polymer and lanthanide ions.
he higher quantum efficiency demonstrates that the polymer
MMA occupied the first coordination sphere of lanthanide ions
y replacement of water molecule.
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